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(54) OPTICAL SYSTEM

(57) An optical system comprises at least one posi-
tion sensor and adjustable optics and is arranged to re-
ceive a radiation beam and to direct the radiation beam
to anillumination region. The at least one position sensor
is operable to determine a position of part of the optical
system. The adjustable optics is configured to control an
optical path of the received radiation beam in depend-
ence on the determined position of the part of the optical
system. The adjustable optics may be configured to at

least partially correct for any variations in a spatial and/or
angular distribution of the radiation at the illumination re-
gion that result from any deviations in the determined
position from a nominal position. The optical system may
comprise an illumination system for an imaging appara-
tus (for example a lithographic apparatus). A correspond-
ing method of providing radiation to an illumination region
via an optical system is also claimed.
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Description
FIELD
[0001] The present invention relates to an optical sys-

tem for delivering a radiation beam to an illumination re-
gion. The optical system may be an illumination system
within a lithographic apparatus. The present invention
also relates to a corresponding method of providing ra-
diation to an illumination region via an optical system.
The method may form part of a lithographic exposure
method.

BACKGROUND

[0002] A lithographic apparatus is a machine con-
structed to apply a desired pattern onto a substrate. A
lithographic apparatus can be used, for example, in the
manufacture of integrated circuits (ICs). A lithographic
apparatus may, for example, project a pattern (also often
referred to as "design layout" or "design") of a patterning
device (e.g., a mask) onto a layer of radiation-sensitive
material (resist) provided on a substrate (e.g., a wafer).
[0003] As semiconductor manufacturing processes
continue to advance, the dimensions of circuit elements
have continually been reduced while the amount of func-
tional elements, such as transistors, per device has been
steadily increasing over decades, following a trend com-
monly referred to as 'Moore’s law’. To keep up with
Moore’s law the semiconductor industry is chasing tech-
nologies that enable to create increasingly smaller fea-
tures. To project a pattern on a substrate a lithographic
apparatus may use electromagneticradiation. The wave-
length of this radiation determines the minimum size of
features which are patterned on the substrate. Typical
wavelengths currently in use are 365 nm (i-line), 248 nm,
193 nm and 13.5 nm. A lithographic apparatus, which
uses extreme ultraviolet (EUV) radiation, having a wave-
length within a range of 4 nm to 20 nm, for example 6.7
nm or 13.5 nm, may be used to form smaller features on
a substrate than a lithographic apparatus which uses, for
example, radiation with a wavelength of 193 nm.
[0004] Within a lithographic apparatus, the radiation is
delivered to the patterning device by an optical system,
which may be referred to as an illumination system. The
illumination system may be arranged to condition the ra-
diation beam such that it is delivered to the patterning
device with desired spatial and angular distributions. It
may be desirable to provide alternative apparatus and
methods for delivering radiation to an exposure region
or patterning device that at least partially addresses one
or more problems in prior art arrangements, whether
identified herein or otherwise.

SUMMARY

[0005] According to a first aspect of the present disclo-
sure there is provided an optical system for use in an
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imaging apparatus, the optical system arranged to re-
ceive a radiation beam (provided by a radiation source)
at an inlet and to direct the radiation beam to an illumi-
nation region via an optical path, the optical system com-
prising: at least one position sensor operable to deter-
mine a position and/or orientation of at least a part of the
optical system; and adjustable optics configured to con-
trol the optical path of the received radiation beam in
dependence on a determined position and/or orientation
of the part of the optical system.

[0006] During use, if the at least a part of the optical
system moves then the spatial and/or angular distribution
of radiation delivered to the illumination region may be
changed, which may be undesirable. The optical system
according to the first aspect is advantageous, as it allows
for any movement (or variation in position and/or orien-
tation) of the at least a part of the optical system to be
corrected for such that the radiation is delivered to the
illumination region accurately.

[0007] The optical system may be suitable for use in a
lithographic apparatus. The optical system may comprise
an illumination system for an imaging apparatus (for ex-
ample a lithographic apparatus). Such an illumination
system may be operable to condition a received radiation
beam (for example from a radiation source or laser) and
so as to deliver the received radiation to an illumination
region (in which a mask or reticle may be disposed) with
a desired or required spatial and angular distribution.
[0008] The optical system according to the first aspect
is particularly beneficial for use in the illumination system
of a lithographic apparatus, as now discussed.

[0009] For a precision imaging apparatus such as a
lithographic apparatus it can be extremely important to
illuminate a patterning device (also referred to as a mask
or a reticle) with radiation having well-defined spatial and
angular distributions. For example, it is generally desir-
able to illuminate the patterning device with a generally
uniform spatial distribution to ensure that the dose of ra-
diation delivered to a substrate (for example aresist-coat-
ed silicon wafer) is well controlled. In turn, this can result
in better critical dimension (CD) control. The angular dis-
tribution of radiation at the illumination region (in which
the patterning device is disposed) may also be referred
to as an illumination mode or a pupil. The angular distri-
bution radiation at the illumination region (in which the
patterning device is disposed) describes how a cone of
radiation that illuminates each portion of the patterning
device is filled. This can be described by the intensity of
radiation in an entrance pupil of the projection optics ar-
ranged to image the patterning device onto the substrate.
Itis generally known that illuminating a patterning device
with an illumination mode wherein peripheral portions of
the entrance pupil are illuminated and central portions of
the entrance pupil are not illuminated (for example an-
nular illumination modes and dipole illumination modes)
can generally improve the contrast of the image formed
on the substrate for a range of different features (relative,
for example, to a full pupil fill ilumination).
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[0010] Any variation in the position and/or angle of the
radiation delivered to a patterning device may affect the
imaging of the patterning device onto the substrate. In
particular, any pointing error of the radiation delivered to
the illumination region canresultin asymmetric numerical
aperture (NA) clipping, particularly for illumination modes
in which the outermost portions of the entrance pupil are
illuminated (for example extreme dipoles). In turn, this
will adversely affect the imaging of the patterning device,
which is undesirable. It will be appreciated that the pro-
jection system of a lithographic apparatus will, in general,
provide numerical aperture clipping of the radiation beam
patterned by a mask or patterning device. In practice, the
lithographic apparatus is used to image features which
are smallin comparison to the wavelength of the radiation
beam and therefore the image of the pattern formed on
the wafer is typically diffraction-limited, formed only from
a very small number of diffraction orders of the radiation
that has interacted with the mask. However, any asym-
metric numerical aperture clipping of the radiation beam
by the projection system can result in alignment errors.
Slow changes in the (symmetry) of the NA clipping result
in position errors (i.e., a moving average) of the image
formed on the wafer whereas fast changes in the clipping
are smeared out, contributing to a blurring (an increase
in mean standard deviation) of features formed on the
wafer. It will be appreciated that as used here "slow" may
mean over time scales that are large in comparison to
an exposure time of the wafer and "fast" may mean over
time scales that are smaller than an exposure time of the
wafer.

[0011] The adjustable optics may be configured to con-
trol the optical path of the received radiation beam in
dependence on a determined position and/or orientation
of the part of the optical system so as to at least partially
correct for any variations in a spatial and/or angular dis-
tribution of the radiation at the illumination region that
result from any deviations in the determined position
and/or orientation from a nominal position.

[0012] For example, the optical system may have a
nominal position. When disposed in the nominal position,
the position and direction of radiation delivered to the
illumination region may be optimum. In use, the optical
system may be subject to vibrations. For example, for
embodiments wherein the optical systemis, or forms part
of, an illumination system for a lithographic apparatus,
movement of other parts of the lithographic apparatus in
use may cause some vibrations of the optical system.
[0013] Any deviations in the determined position
and/or orientation from a nominal position may result in
sub-optimal irradiation of the illumination region and
therefore, for such embodiments, the adjustable optics
are used to at least partially correct for any variations.
[0014] To the extent possible, the adjustable optics
may be configured such that a spatial and/or angular dis-
tribution of the radiation at the illumination region is gen-
erally independent of the determined position of the part
of the optical system.
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[0015] The optical system may further comprise a ra-
diation beam measurement sensor operable to deter-
mine a position and/or adirection ofthe received radiation
beam relative to at least a part of the optical system. The
adjustable optics may be operable to control the optical
path of the received radiation beam in dependence on
the determined position and/or direction of the received
radiation beam relative to said at least a part of the optical
system.

[0016] Thatis, the radiation beam measurement sen-
sor may be used to align a received radiation beam to
the optical system (using the adjustable optics). This can
correct for any alignment and/or pointing errors of a ra-
diation beam received by the optical system. However,
with such an arrangement, if the optical system itself
moves, then the radiation beam will also move and there-
fore the radiation beam will not be accurately aligned with
the illumination region. However, since the adjustable
optics are configured to control the optical path of the
received radiation beam in dependence on a determined
position of the part of the optical system, any misalign-
ment between the radiation beam and the illumination
region can be corrected for.

[0017] The at least a part of the optical system relative
to which the radiation beam measurement sensor is op-
erable to determine a position and/or a direction of the
received radiation beam may be the same part of the
optical system that the at least one position sensor op-
erable to determine a position and/or orientation of.
[0018] Alternatively,in some embodiments, the atleast
a part of the optical system relative to which the radiation
beam measurement sensor is operable to determine a
position and/or a direction of the received radiation beam
may be a different part of the optical system to the part
of the optical system that the at least one position sensor
operable to determine a position and/or orientation of.
For example, in one embodiment, the radiation beam
measurement sensor may be operable to determine a
position and/or a direction of the received radiation beam
relative to a part of the optical system proximate the inlet
and the at least one position sensor may be operable to
determine a position and/or orientation of a part of the
optical system proximate the illumination region.

[0019] Note thatthe same actuatable or adjustable op-
tical elements may be used to both: (a) control the optical
path of the received radiation beam in dependence on a
determined position and/or orientation of part of the op-
tical system; and (b) control the optical path of the re-
ceived radiation beam in dependence on a determined
position and/or a direction of the received radiation beam.
Alternatively, a first set of optical elements may be pro-
vided to control the optical path of the received radiation
beam in dependence on a determined position and/or
orientation of part of the optical system and a second set
of optical elements may be provided to control the optical
path of the received radiation beam in dependence on a
determined position and/or direction of the received ra-
diation beam. For such embodiments, the adjustable op-
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tics may be considered to comprise both the first set of
optical elements and the second set of optical elements.
[0020] The optical system may comprise a plurality of
position sensors and the adjustable optics may be oper-
able to control the optical path of the received radiation
beam in dependence on a position and/or orientation of
a part of the optical system determined by each of the
plurality of position sensors.

[0021] This may allow for more complicated distortions
of the optical system to be corrected for. For example if
the optical system does not merely oscillate as a whole
but is subject to vibration or oscillation modes that cor-
respond to a distortion of the optical system.

[0022] The atleast one position sensor is operable to
determine a position and/or orientation of at least a part
of the optical system. Such a determination may be a
direct measurement of position and/or orientation. Alter-
natively, the determination may be indirect. For example,
the position sensor may measure another quantity (for
example acceleration) from which a position and/or ori-
entation can be determined. Any suitable type of position
sensor may be used. In general, each position sensor
determines a position and/or orientation of the part of the
optical system relative to a reference frame. The refer-
ence frame may be any frame in which the illumination
region (also referred to in the art as the illumination slit
or just slit) is stationary.

[0023] Insome embodiments, the at least one position
sensor is operable to determine a position and/or orien-
tation of at least a part of the optical system in all six
degrees of freedom.

[0024] The or each position sensor may comprise one
or more accelerometers.

[0025] Such embodiments determine the position
and/or orientation of parts of the optical system relative
to an inertial frame.

[0026] Inone embodiment, the or each position sensor
may comprise at least two accelerometers arranged to
determine an acceleration of a part of the optical system
in at least in two directions that are generally orthogonal
to the optical path. This allows a position of the part of
the optical to be determined in said two directions that
are generally orthogonal to the optical path. In one em-
bodiment, the or each position sensor may comprise at
least three accelerometers arranged to determine an ac-
celeration of a part of the optical system in three linearly
independent directions. This allows a position of the part
of the optical to be determined in said three linearly in-
dependent directions.

[0027] In some embodiments the or each accelerom-
eteris operable to determine acceleration and/or position
and has three degrees of freedom. In one embodiment,
the position sensor comprises two or three accelerome-
ters, each arranged to determine three degrees of free-
dom. Advantageously, this may allow the position sensor
to determine a position and/or orientation of at least a
part of the optical system in all six degrees of freedom.

[0028] Alternative position sensors may include inter-
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ferometric sensors. Such interferometric sensors may,
for example, be of the type used to monitor the position
of a reticle stage or wafer stage in a lithographic appa-
ratus.

[0029] At least one position sensor may be optically
downstream of the adjustable optics.

[0030] Advantageously, this may allow for the at least
one position sensor to be as close as possible to the
illumination region. In turn, this may result in more accu-
rate control of the spatial and angular distributions of the
radiation at the illumination region.

[0031] The optical system may further comprise a con-
troller operable to: receive a first signal from the or each
position sensor indicative of a position and/or orientation
of a part of the optical system; and generate and send a
control signal to the adjustable optics, the control signal
dependent on the first signal(s).

[0032] The controller may be further operable to re-
ceive a second signal from the radiation beam measure-
ment sensor indicative of a position and/or or a direction
of the received radiation beam relative to the optical sys-
tem; and the control signal may be dependent on the first
signal(s) and the second signal.

[0033] The optical system may further comprise beam
steering optics that are arranged to direct the radiation
along an adjustable optical path.

[0034] The beam steering optics may receive a radia-
tion beam (for example from a radiation source). The
beam steering optics may, for example, comprise two
rotatable mirrors. By rotating the mirrors a position and
direction of the radiation beam downstream of the beam
steering optics can be controlled.

[0035] The adjustable optics may comprise the beam
steering optics.

[0036] The optical system may comprise pupil shaping
optics that are operable to control an angular distribution
of radiation delivered to the illumination region.

[0037] Thatis, theillumination region may be irradiated
using different illumination modes or pupils by selecting
one or a plurality of configurations of the pupil shaping
optics.

[0038] The pupil shaping optics may comprise a mirror
array comprising a plurality of independently adjustable
mirrors.

[0039] The adjustable optics may comprise the pupil
shaping optics.

[0040] According to a second aspect of the present
disclosure there is provided a lithographic apparatus
comprising: the optical system according to the first as-
pect of the present disclosure operable to receive radia-
tion and to direct at least a portion of the received radi-
ation to the illumination region; a support structure con-
figured to support a patterning device such that the pat-
terning device is positionable in the illumination region;
a substrate table configured to support a substrate; and
a projection system operable to form an image of a pat-
terning device supported by the support structure on a
substrate supported by the substrate table.
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[0041] The lithographic apparatus according to the
second aspect is advantageous, as it allows for any
movement (or variation in position) of the at least a part
of the optical system to be corrected for such that the
radiation is delivered to the illumination region (where
the patterning device is, in use, positioned) more accu-
rately. In turn, as explained above, any variation in the
position and/or angle of the radiation delivered to a pat-
terning device may affect the imaging of the patterning
device onto the substrate. In particular, any pointing error
of the radiation delivered to the illumination region can
result in asymmetric numerical aperture (NA) clipping,
particularly for illumination modes in which the outermost
portions of the entrance pupil are illuminated (for example
extreme dipoles). In turn, this will adversely affect the
imaging of the patterning device, which is undesirable.
The lithographic apparatus according to the second as-
pect allows for a greater range of illumination modes to
be used without suffering from such problems (for exam-
ple asymmetric NA clipping). Additionally or alternatively,
the lithographic apparatus according to the second as-
pect allows for larger movement or vibrations of parts of
the lithographic apparatus without suffering from such
problems (for example asymmetric NA clipping). In turn,
tolerating larger movement or vibrations can, advanta-
geously, allow for an increase in throughput of the litho-
graphic apparatus and the associated reduction in man-
ufacturing costs per wafer.

[0042] According to a third aspect of the present dis-
closure there is provided a method of providing radiation
to anillumination region via an optical system the method
comprising: determining a position and/or orientation of
atleast a part of the optical system; and adjusting at least
one optical element in the optical system in dependence
on a determined position of a part of the optical system.
[0043] The method according to the third aspect may
be carried out using the optical system according to the
first aspect. The method according to the third aspect is
advantageous, as it allows for any movement (or varia-
tion in position and/or orientation) of the at least a part
of the optical system to be corrected for such that the
radiation is delivered to the illumination region accurately.
[0044] The method according to the third aspectis par-
ticularly beneficial for use in illuminating a patterning de-
vice (also referred to as a reticle or a mask) as part of a
lithographic exposure process. For example, any varia-
tion in the position and/or angle of the radiation delivered
to a patterning device may affect the imaging of the pat-
terning device onto the substrate. In particular, any point-
ing error of the radiation delivered to the illumination re-
gion can result in asymmetric numerical aperture (NA)
clipping, particularly for illumination modes in which the
outermost portions of the entrance pupil are illuminated
(for example extreme dipoles). In turn, this will adversely
affect the imaging of the patterning device, which is un-
desirable.

[0045] Adjusting at least one optical element in the op-
tical system in dependence on a determined position
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and/or orientation of a part of the optical system may
comprise at least partially correcting for any variations in
a spatial and/or angular distribution of the radiation at the
illumination region that result from any deviations in the
determined position and/or orientation from a nominal
position.

[0046] For example, the optical system may have a
nominal position. When disposed in the nominal position,
the position and direction of radiation delivered to the
illumination region may be optimum. In use, the optical
system may be subject to vibrations. For example, for
embodiments wherein the optical systemis, or forms part
of, an illumination system for a lithographic apparatus,
movement of other parts of the lithographic apparatus in
use may cause some vibrations of the optical system.
[0047] Any deviations in the determined position
and/or orientation from a nominal position may result in
sub-optimal irradiation of the illumination region and
therefore, for such embodiments, the at least one optical
element (which may be referred to as adjustable optics)
are used to at least partially correct for any variations.
[0048] To the extent possible, adjusting the at least
one optical element in the optical system in dependence
on a determined position and/or orientation of a part of
the optical system may be performed such that a spatial
and/or angular distribution of the radiation at the illumi-
nation region is generally independent of the determined
position of the part of the optical system.

[0049] The method may further comprise: providing a
radiation beam; determining a position and/or a direction
of the provided radiation beam relative to at least a part
of the optical system; and adjusting at least one optical
element in the optical system in dependence on a deter-
mined position and/or direction of the provided radiation
beam relative to said at least a part of the optical system.
[0050] The method may comprise: determining a po-
sition and/or orientation of a plurality of parts of the optical
system; and adjusting at least one optical element in op-
tical system in dependence on the determined positions
and/or orientations of each of the plurality of parts of the
optical system.

[0051] This may allow for more complicated distortions
of the optical system to be corrected for. For example if
the optical system does not merely oscillate as a whole
but is subject to vibration or oscillation modes that cor-
respond to a distortion of the optical system.

[0052] At least one part of the optical system the posi-
tion and/or orientation of which is determined may be
optically downstream of the at least one optical element
adjusted in dependence thereon.

[0053] Advantageously, this may allow for the at least
one part of the optical system the position and/or orien-
tation of which is determined to be as close as possible
to the illumination region. In turn, this may result in more
accurate control of the spatial and angular distributions
of the radiation at the illumination region.

[0054] The method may further comprise conditioning
the radiation beam so as to control a spatial and/or an
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angular distribution of radiation delivered to the illumina-
tion region.

[0055] According to a fourth aspect of the present dis-
closure thereis provided a lithographic exposure method,
the method comprising: providing a patterning device in
an illumination region; providing radiation to the illumina-
tion region via an optical system using the method of the
third aspect of the present disclosure so as to form a
patterned radiation beam; and collecting the patterned
radiation beam and using it to form an image of the pat-
terning device on a substrate.

[0056] The lithographic exposure method according to
the fourth aspect is advantageous, as it allows for any
movement (or variation in position and/or orientation) of
the at least a part of the optical system to be corrected
for such that the radiation is delivered to the illumination
region (where the patterning device is provided) more
accurately. In turn, as explained above, any variation in
the position and/or angle of the radiation delivered to a
patterning device may affect the imaging of the patterning
device onto the substrate. In particular, any pointing error
of the radiation delivered to the illumination region can
resultin asymmetric numerical aperture (NA) clipping (at
the step of collecting the patterned radiation beam), par-
ticularly for illumination modes in which the outermost
portions of the entrance pupil are illuminated (for example
extreme dipoles). In turn, this will adversely affect the
imaging of the patterning device, which is undesirable.
The lithographic exposure method according to the fourth
aspect allows for a greater range of illumination modes
to be used without suffering from such problems (for ex-
ample asymmetric NA clipping). Additionally or alterna-
tively, the lithographic exposure method according to the
fourth aspect allows for larger movement or vibrations of
parts of the lithographic apparatus without suffering from
such problems (for example asymmetric NA clipping). In
turn, tolerating larger movement or vibrations can, ad-
vantageously, allow for an increase in throughput of the
lithographic apparatus and the associated reduction in
manufacturing costs per wafer.

[0057] The exposure may be a scanning exposure
such that providing the patterning device in the illumina-
tion region may comprise moving the patterning device
through the illumination region and forming an image of
the patterning device on the substrate may comprise
moving the substrate such that the image of the pattern-
ing device is generally stationary relative to the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0058] Embodiments of the invention will now be de-
scribed, by way of example only, with reference to the
accompanying schematic drawings, in which:

- Figure 1 depicts a first schematic overview of a lith-
ographic apparatus;

- Figure 2 depicts a second schematic overview of a
lithographic apparatus;
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- Figure 3 is a schematic view of an optical system
according to an embodiment of the present disclo-
sure that may form part of the lithographic apparatus
shown in Figure 1 and/or Figure 2, the optical system
being shown in a first, nominal position and/or con-
figuration;

- Figure 4A shows the optical system shown in Figure
3 in a second, non-nominal, or distorted, position
and/or configuration;

- Figure 4B shows the optical system shown in Figure
3 in the second, non-nominal, or distorted, position
and/or configuration (as also shown in Figure 4A)
and wherein the adjustable optics have been used
to at least partially correct for the effect that the var-
iation from the first, nominal position and/or config-
uration (see Figure 3) may have on a spatial and/or
angular distribution of radiation at the illumination
region;

- Figure 5 is a schematic illustration of a first method
of providing radiation to an illumination region via an
optical system according to an embodiment of the
present disclosure;

- Figure 6 is a schematicillustration of a second meth-
od of providing radiation to an illumination region via
an optical system according to an embodiment of
the present disclosure; and

- Figure 7 is a schematic illustration of a lithographic
exposure method according to an embodiment of
the present disclosure, which may comprise the
method of Figure 5 and/or Figure 6.

DETAILED DESCRIPTION

[0059] In the present document, the terms "radiation”
and "beam" are used to encompass all types of electro-
magnetic radiation, including ultraviolet radiation ( e.g.,
with a wavelength of 365, 248, 193, 157 or 126 nm) and
EUV (extreme ultra-violet radiation, e.g., having a wave-
length in the range of about 5-100 nm).

[0060] Theterm "reticle", "mask" or "patterning device"
as employed in this text may be broadly interpreted as
referring to a generic patterning device that can be used
to endow an incoming radiation beam with a patterned
cross-section, corresponding to a pattern that is to be
created in a target portion of the substrate. The term "light
valve" can also be used in this context. Besides the clas-
sic mask (transmissive or reflective, binary, phase-shift-
ing, hybrid, etc.), examples of other such patterning de-
vices include a programmable mirror array and a pro-
grammable LCD array.

[0061] Figure 1 schematically depicts a lithographic
apparatus LA. The lithographic apparatus LA includes
an illumination system (also referred to as illuminator) IL
configured to condition a radiation beam B (e.g., UV ra-
diation, DUV radiation or EUV radiation), a mask support
(e.g., amask table) MT constructed to support a pattern-
ing device (e.g., a mask) MA and connected to a first
positioner PM configured to accurately position the pat-
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terning device MA in accordance with certain parame-
ters, a substrate support (e.g., a wafer table) WT con-
structed to hold a substrate (e.g., a resist coated wafer)
W and connected to a second positioner PW configured
to accurately position the substrate support in accord-
ance with certain parameters, and a projection system
(e.g., a refractive projection lens system) PS configured
to project a pattern imparted to the radiation beam B by
patterning device MA onto a target portion C (e.g., com-
prising one or more dies) of the substrate W.

[0062] Inoperation, theillumination system IL receives
a radiation beam from a radiation source SO, e.g., via a
beam delivery system BD. The illumination system IL
may include various types of optical components, such
as refractive, reflective, magnetic, electromagnetic, elec-
trostatic, and/or other types of optical components, or
any combination thereof, for directing, shaping, and/or
controlling radiation. The illuminator IL may be used to
condition the radiation beam B to have a desired spatial
and angular intensity distribution in its cross section at a
plane of the patterning device MA.

[0063] The term "projection system" PS used herein
should be broadly interpreted as encompassing various
types of projection system, including refractive, reflec-
tive, catadioptric, anamorphic, magnetic, electromagnet-
ic and/or electrostatic optical systems, or any combina-
tion thereof, as appropriate for the exposure radiation
being used, and/or for other factors such as the use of
an immersion liquid or the use of a vacuum. Any use of
the term "projection lens" herein may be considered as
synonymous with the more general term "projection sys-
tem" PS.

[0064] The lithographic apparatus LA may be of a type
wherein atleast a portion of the substrate may be covered
by a liquid having a relatively high refractive index, e.g.,
water, so as to fill a space between the projection system
PS and the substrate W - which is also referred to as
immersion lithography. More information on immersion
techniques is given in US6952253, which is incorporated
herein by reference.

[0065] The lithographic apparatus LA may also be of
a type having two or more substrate supports WT (also
named "dual stage"). In such "multiple stage" machine,
the substrate supports WT may be used in parallel,and/or
steps in preparation of a subsequent exposure of the
substrate W may be carried out on the substrate W lo-
cated on one of the substrate support WT while another
substrate W on the other substrate support WT is being
used for exposing a pattern on the other substrate W.
[0066] In addition to the substrate support WT, the lith-
ographic apparatus LA may comprise a measurement
stage. The measurement stage is arranged to hold a sen-
sor and/or a cleaning device. The sensor may be ar-
ranged to measure a property of the projection system
PS or a property of the radiation beam B. The measure-
ment stage may hold multiple sensors. The cleaning de-
vice may be arranged to clean part of the lithographic
apparatus, for example a part of the projection system
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PS or a part of a system that provides the immersion
liquid. The measurement stage may move beneath the
projection system PS when the substrate support WT is
away from the projection system PS.

[0067] In operation, the radiation beam B is incident
on the patterning device, e.g., mask, MA which is held
on the mask support MT, and is patterned by the pattern
(design layout) present on patterning device MA. Having
traversed the mask MA, the radiation beam B passes
through the projection system PS, which focuses the
beam onto a target portion C of the substrate W. With
the aid of the second positioner PW and a position meas-
urement system IF, the substrate support WT can be
moved accurately, e.g., so as to position different target
portions C in the path of the radiation beam B at a focused
and aligned position. Similarly, the first positioner PM and
possibly another position sensor (which is not explicitly
depicted in Figure 1) may be used to accurately position
the patterning device MA with respect to the path of the
radiation beam B. Patterning device MA and substrate
W may be aligned using mask alignment marks M1, M2
and substrate alignment marks P1, P2. Although the sub-
strate alignment marks P1, P2 as illustrated occupy ded-
icated target portions, they may be located in spaces
between target portions. Substrate alignment marks P1,
P2 are known as scribe-lane alignment marks when
these are located between the target portions C.

[0068] To clarify the invention, a Cartesian coordinate
system is used. The Cartesian coordinate system has
three axis, i.e., an x-axis, a y-axis and a z-axis. Each of
the three axis is orthogonal to the other two axis. A rota-
tion around the x-axis is referred to as an Rx-rotation. A
rotation around the y-axis is referred to as an Ry-rotation.
A rotation around the z-axis is referred to as an Rz-rota-
tion. The x-axis and the y-axis define a horizontal plane,
whereas the z-axis is in a vertical direction. The Cartesian
coordinate system s notlimiting the invention and is used
for clarification only. Instead, another coordinate system,
such as a cylindrical coordinate system, may be used to
clarify the invention. The orientation of the Cartesian co-
ordinate system may be different, for example, such that
the z-axis has a component along the horizontal plane.
[0069] Figure 2 is a second schematic depiction of a
lithographic apparatus LA. Thelithographic apparatus LA
shown in Figure 2 is generally of the form of the litho-
graphic apparatus LA shown in Figure 1. In particular,
the lithographic apparatus LA shown in Figure 2 also
comprised: an illumination system IL configured to con-
dition aradiation beam B; amask support MT constructed
to support a patterning device MA; a substrate support
WT constructed to hold a substrate W; and a projection
system PS configured to project a pattern imparted to
the radiation beam B by patterning device MA onto a
target portion of the substrate W. The lithographic appa-
ratus LA shown in Figure 2 may comprise any of the
features discussed above in connection with the litho-
graphic apparatus LA shown in Figure 1.

[0070] Inuse, theillumination system IL receives a ra-
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diation beam B from a radiation source SO via a beam
steering unit BSU. The beam delivery system BD shown
in Figure 1 may be generally equivalent to the beam
steering unit BSU shown in Figure 2.

[0071] The beam steering unit BSU is operable to re-
ceive a radiation beam from the radiation source SO and
to deliver the radiation beam to the illumination system
IL via an adjustable optical path OP. Adjustability of the
optical path OP is achieved by (at least) two beam steer-
ing mirrors BS1, BS2, which form part of the optical path
OP. Each of the beam steering mirrors BS1, BS2 can be
rotated so asto alter the optical path OP. The beam steer-
ing unit BSU further comprises (at least) two beam meas-
uring sensors BM1, BM2. Each of the beam measuring
sensors BM1, BM2 is operable to measure a position of
the radiation beam B (relative to the beam steering unit
BSU) as it propagates along the optical path OP.
[0072] In use, the two beam measuring sensors BM1,
BM2 and the two beam steering mirrors BS1, BS2 may
be used as a feedback loop, as follows. The beam meas-
uring sensors BM1, BM2 may be used to determine any
deviations of the optical path OP of the radiation beam
B from an optimal or nominal optical path of the radiation
beam B as it leaves the beam steering unit and enters
the illumination system IL. These measurements may be
used to control the orientation of the two beam steering
mirrors BS1, BS2 so as to reduce any such deviations
of the optical path OP of the radiation beam B from an
optimal or nominal optical path of the radiation beam B
as it leaves the beam steering unit and enters the illumi-
nation system IL. This may be achieved using a control
loop algorithm, for example executed by a controller that
may be operable to receive signals from the beam meas-
uring sensors BM1, BM2 and to send control signals to
the beam steering mirrors BS1, BS2. In this way, the
beam steering unit BSU may be operable to maintain a
position and orientation of the radiation beam B as it exits
the beam steering unit BSU (and enters the illumination
system IL) substantially independent of the position and
orientation of the radiation beam B as it enters the beam
steering unit BSU.

[0073] Inadditiontothe optical components mentioned
above, the beam steering unit BSU further comprises a
mirror M which also forms part of the optical path OP. It
will be appreciated that in other embodiments such a
mirror M may not be present and further that in still other
embodiments the beam steering unit BSU may further
comprise one or more additional optical components.
[0074] In this embodiment, the illumination system IL
comprises: pupil shaping optics PSO; a masking device
MD; and relay optics RL.

[0075] The pupil shaping optics PSO are operable to
control an angular distribution of radiation delivered to
an illumination region in a plane of the patterning device
MA. That is, the illumination region may be irradiated
using different illumination modes or pupils by selecting
one or a plurality of configurations of the pupil shaping
optics PSO. The pupil shaping optics PSO may, for ex-
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ample, comprise a mirror array comprising a plurality of
independently adjustable mirrors. By controlling the ori-
entation of the plurality of independently adjustable mir-
rors an illumination mode (or pupil shape) of the radiation
beam at the patterning device MA can be controlled.
[0076] The masking device MD is operable to control
an extent of an illumination region in the plane of the
patterning device MA. For example, the masking device
MD may comprise two pairs of masking blades, each pair
of masking blades arranged to define an extent of the
illumination region in a different one of two directions in
the plane of the patterning device MA. For, the masking
device MD may comprise: a pair of x masking blades
arranged to define an extent of the illumination region in
a first direction in the plane of the patterning device MA;
and a pair of y masking blades arranged to define an
extent of the illumination region in a second direction in
the plane of the patterning device MA. The masking de-
vice MD may be arranged such that during exposure of
one target region of the substrate W, adjacent target re-
gions of the substrate W do not receive radiation.
[0077] In some embodiments the lithographic appara-
tus LA may be a scanning lithographic apparatus LA (also
known simply as a scanner). In a scanner, an extent of
a pattern on the patterning device MA in a scanning di-
rection may be greater than that of the illumination region
in the plane of the patterning device MA. In order to image
the pattern onto a target region of the substrate W, the
patterning device is moved or scanned through the illu-
mination region in the scanning direction. It will be ap-
preciated that the substrate W is also scanned relative
to an illumination region in the plane of the substrate W.
The movement of the substrate W is such than an aerial
image of the patterning device MA is static relative to the
substrate W and it will be appreciated that a direction and
speed of the substrate W may, in general, differ from that
of the patterning device MA (for example if the image is
inverted and/or if a reduction faction is applied by the
projection system PS).

[0078] Inembodiments wherein the lithographic appa-
ratus LA is a scanning lithographic apparatus, the mask-
ing blades that define the extent of the illumination region
in the scanning direction (which may be the y masking
blades) may move during a scanning exposure of one
targetregion of the substrate W such that adjacent target
regions of the substrate W do not receive radiation.
[0079] The relay optics RL are arranged to image the
masking device MD (or the masking blades thereof) onto
the plane of the patterning device MA. That is, the relay
optics RL may ensure that a plane of the masking device
MD (or the masking blades thereof) is conjugate to the
plane of the patterning device MA (and the substrate W).
Such a plane that is conjugate to the plane of the pat-
terning device MA (and the substrate W) may be referred
to as afield plane. This ensures that the masking device
MD is sharply imaged onto the substrate, which minimis-
es the amount of radiation received by adjacent target
regions when any given target region is being exposed
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to the radiation beam B.

[0080] Some known lithographic apparatus LA use a
beam steering unit BSU of the type shown in Figure 2
and described above to at least partially correct for any
position or pointing errors of a radiation beam B received
from a radiation source SO. Put differently, the beam
steering unit BSU may be considered to be arranged to
align a received radiation beam B with a nominal optical
path through the illumination system IL.

[0081] An optical system 100 according to an embod-
iment of the present disclosure is now described with
reference to Figures 3 to 4B. The optical system 100 is
for use in an imaging apparatus such as, for example,
the lithographic apparatus LA described above with ref-
erence to Figures 1 and 2. For example, the optical sys-
tem 100 may be, comprise or form part of the illumination
system IL of the lithographic apparatus LA described
above with reference to Figures 1 and 2.

[0082] The optical system 100 is arranged to receive
a radiation beam 102 at an inlet 104 and to direct the
radiation beam 102 to an illumination region 106 via an
optical path, as described further below. In use, a pat-
terning device MA of a lithographic apparatus LA may be
disposed in the illumination region 106. The optical sys-
tem 100 comprises a position sensor 108 and adjustable
optics 110.

[0083] The position sensor 108 is operable to deter-
mine a position and/or orientation of at least a part of the
optical system 100. For example, the position sensor 108
may be operable to determine a position and/or orienta-
tion of a part of the optical system 100 to which it is at-
tached.

[0084] The adjustable optics 110 in this example com-
prises two mirrors 112, 114. The adjustable optics 110
is configured to control the optical path of the received
radiation beam 102. In particular, the adjustable optics
110 is configured to control the optical path of the re-
ceived radiation beam 102 in dependence on a deter-
mined position and/or orientation of the part of the optical
system 100 (as determined by the position sensor 108).
[0085] The optical system 100 further comprises a con-
troller 116. The controller 116 is operable to receive a
first signal s, from the position sensor 108 indicative of
a position and/or orientation of a part of the optical system
100. The controller 116 is further operable to generate
and send a control signal sc to the adjustable optics 110,
the control signal dependent on the first signal(s) s.
[0086] The adjustable optics 110 may be configured
to control the optical path of the received radiation beam
102 in dependence on a determined position and/or ori-
entation of the part of the optical system 100 to at least
partially correct for any variations in a spatial and/or an-
gulardistribution of the radiation at the illumination region
106 that result from any deviations in the determined po-
sition and/or orientation from a nominal position, as now
discussed with reference to Figures 4A to 4B.

[0087] Theradiationbeam 102 may exitthe optical sys-
tem 100 at an outlet 118. After exiting the outlet 118 the
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radiation beam 102 may propagate to the illumination
region 106. The radiation beam may be aligned to the
optical system 100 at the outlet 118. This is indicated
schematically in Figures 3 to 4B as the radiation beam
102 being aligned with an exit axis 120 of the optical
system 100.

[0088] Inuse, the optical system 100 may have a nom-
inal position. When disposed in the nominal position, the
position and direction of radiation delivered to the illumi-
nation region 106 may be optimum. The optical system
100 is shown in a nominal position and configuration in
Figure 3. In this nominal position, as shown very sche-
matically in Figure 3, the exit axis 120 of the optical sys-
tem 100 is aligned with an axis 122 of the illumination
region 106.

[0089] However, in use, the optical system 100 may
be subject to vibrations. For example, for embodiments
wherein the optical system comprises, is, or forms part
of, an illumination system IL for a lithographic apparatus
LA, movementof other parts of the lithographic apparatus
LA in use (for example the mask support MT and/or the
substrate support WT) may cause some vibrations of the
optical system 100. In turn, this may lead to deviations
in the position and/or orientation of the optical system
100 relative to the illumination region 106, as determined
by the position sensor 108.

[0090] Any such deviations in the determined position
and/or orientation (for example of position sensor 108)
from a nominal position may result in sub-optimal irradi-
ation of the illumination region 106 (see Figure 4A) and
the adjustable optics 110 can be used to at least partially
correct for any such variations (see Figure 4B).

[0091] For example, the optical system 100 may be
subject to vibrations that cause the position sensor 108
to move up and down in the plane of Figure 3. Any devi-
ations of the position sensor 108 (and therefore the part
of the optical system 100 to which it is attached) may
resultin a misalignment of the exit axis 120 of the optical
system 100 relative to the axis 122 of the illumination
region 106. For example, as shown in Figure 4A, if the
optical system 100 moves such that the position sensor
108 moves up, the exit axis 120 of the optical system 100
may be at a non-zero angle to the axis 122 of the illumi-
nation region 106. If the radiation beam 102 is aligned to
the exit axis 120 of the optical system 100, it will no longer
be aligned with the axis 122 of the illumination region
106. As a result, there will be a change in the angular
distribution of radiation at the illumination region 106 (rel-
ative to the angular distribution of radiation at the illumi-
nation region 106 when the optical system 100 is in the
nominal position of Figure 3), which is undesirable. How-
ever, as shown in Figure 4B, the optical system 100 is
arranged to correct for this using the adjustable optics
110.

[0092] In particular, by suitable rotation of the two mir-
rors 112, 114 of the adjustable optics (under the control
of control signal s¢), the radiation beam 102 may be
aligned to the axis 122 of the illumination region 106.



17 EP 4 390 544 A1 18

[0093] In the example shown in Figures 4A and 4B,
the optical system 100 is explained as being arranged to
correct for any up and down motion of the position sensor
108 this using the adjustable optics 110. It will be appre-
ciated that this is a simplified example shown in Figures
4A and 4B merely to illustrate the principle of the correc-
tion applied by the adjustable optics 110. Note that in
practice the adjustable optics 110 are operable to correct
for any motion (i.e., changes in position and/or orienta-
tion) of the position sensor(s) 108 in all six degrees of
freedom.

[0094] Totheextentpossible, the adjustable optics 110
may be configured such that a spatial and/or angular dis-
tribution of the radiation 102 at the illumination region
106 is generally independent of the determined position
and/or orientation of the part of the optical system 100
(as determined by the position sensor 108). That is, the
position sensor 108 and adjustable optics 110 form a
feedback loop that automatically corrects for movement
of the optical system 100 (as shown in Figure 4B).
[0095] In contrast to known arrangements of illumina-
tion systems IL for lithographic apparatus wherein a ra-
diation beam is generally aligned with the illumination
system IL (for example using a beam steering unit BSU),
the optical system 100 shown in Figures 3 to 4B is ar-
ranged to create a misalignment between the radiation
beam 102 and the optical system 100. In particular, this
misalignment so as to automatically correct for move-
ment of the optical system 100 (as shown in Figure 4B).
[0096] During use, if the at least a part of the optical
system 100 moves then the spatial and/or angular distri-
bution of radiation 102 delivered to the illumination region
106 may be changed, which may be undesirable. The
optical system 100 shown in Figures 3 to 4B is advanta-
geous, as it allows for any movement (or variation in po-
sition and/or orientation) of the atleast a part of the optical
system 100 to be corrected for such that the radiation
102 is delivered to the illumination region 106 accurately.
[0097] The optical system 100 may be suitable for use
in a lithographic apparatus LA. The optical system may
comprise, be, or form part of an illumination system IL
for an imaging apparatus (for example a lithographic ap-
paratus LA). Such an illumination system IL may be op-
erable to condition a received radiation beam (for exam-
ple from a radiation source or laser) and so as to deliver
the received radiation to an illumination region (in which
a mask or reticle MA may be disposed) with a desired or
required spatial and angular distribution.

[0098] The optical system 100 is particularly beneficial
for use in the illumination system IL of a lithographic ap-
paratus LA, as now discussed.

[0099] For a precision imaging apparatus such as a
lithographic apparatus LA it can be extremely important
to illuminate a patterning device MA (also referred to as
a mask or a reticle) with radiation having well-defined
spatial and angular distributions. For example, it is gen-
erally desirable to illuminate the patterning device MA
with a generally uniform spatial distribution to ensure that
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the dose of radiation delivered to a substrate W (for ex-
ample a resist-coated silicon wafer) is well controlled. In
turn, this can result in better critical dimension (CD) con-
trol. The angular distribution of radiation at the illumina-
tion region (in which the patterning device MA is dis-
posed) may also be referred to as an illumination mode
or a pupil. The angular distribution radiation at the illumi-
nation region (in which the patterning device MA is dis-
posed) describes how a cone of radiation thatilluminates
each portion of the patterning device MA is filled. This
can be described by the intensity of radiation in an en-
trance pupil of the projection optics PS arranged to image
the patterning device MA onto the substrate W. Itis gen-
erally known thatilluminating a patterning device MA with
an illumination mode wherein peripheral portions of the
entrance pupil are illuminated and central portions of the
entrance pupil are not illuminated (for example annular
illumination modes and dipole illumination modes) can
generally improve the contrast of the image formed on
the substrate for a range of different features (relative,
for example, to a full pupil fill illumination).

[0100] Any variation in the position and/or angle of the
radiation delivered to a patterning device MA may affect
the imaging of the patterning device MA onto the sub-
strate W. In particular, any pointing error of the radiation
delivered to the illumination region can result in asym-
metric numerical aperture (NA) clipping, particularly for
illumination modes in which the outermost portions of the
entrance pupil are illuminated (for example extreme di-
poles). In turn, this will adversely affect the imaging of
the patterning device MA, which is undesirable. It will be
appreciated that the projection system PS will, in general,
provide numerical aperture clipping of the radiation beam
B patterned by the mask MA. In practice, the lithographic
apparatus LA is used to image features which are small
in comparison to the wavelength of the radiation beam
B and therefore the image of the pattern formed on the
wafer W is typically diffraction-limited, formed only from
a very small number of diffraction orders of the radiation
that has interacted with the mask MA. However, any
asymmetric numerical aperture clipping of the radiation
beam by the projection system PS can resultin alignment
errors. Slow changesin the (symmetry) of the NA clipping
result in position errors (i.e., a moving average) of the
image formed on the wafer W whereas fast changes in
the NA clipping are smeared out, contributing to a blurring
(an increase in mean standard deviation) of features
formed on the wafer W. It will be appreciated that as used
here "slow" may mean over time scales that are large in
comparison to an exposure time of the wafer and "fast"
may mean over time scales that are smaller than an ex-
posure time of the wafer.

[0101] Asstated above, inthe absence of the feedback
loop provided by the position sensor 108 and the adjust-
able optics (via controller 116), in the vicinity of the outlet
118, the radiation beam 102 may be aligned to an exit
axis 120 of the optical system 100. This may be achieved
either by providing the radiation beam 102 to the optical
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system 100 such that when the optical system 100 is in
a nominal position or configuration the radiation beam
102 is aligned to an exit axis 120 of the optical system
100. Alternatively, in some embodiments, this may also
be achieved using the adjustable optics 110, as now dis-
cussed.

[0102] The optical system 100 shown in Figure 3 fur-
ther comprises a radiation beam measurement sensor
124. The radiation beam measurement sensor 124 is op-
erable to determine a position and/or a direction of the
received radiation beam 102 relative to at least a part of
the optical system 100. The adjustable optics 110 is op-
erable to control the optical path of the received radiation
beam 102 in dependence on the determined position
and/or direction of the received radiation beam 102 (as
determined by the radiation beam measurement sensor
124) relative to said at least a part of the optical system
100.

[0103] The controller 116 is further operable to receive
a second signal s, from the radiation beam measurement
sensor 124 that is indicative of a position and/or or a
direction of the received radiation beam 102 relative to
the optical system 100. Furthermore, for such embodi-
ments, the control signal sc is dependent on the first sig-
nal s4, the second signal s,, or both the first signal s, and
the second signal s,.

[0104] That is, the radiation beam measurement sen-
sor 124 may be used to align a received radiation beam
102 to the optical system 100 (using the adjustable optics
110) such thatwhen the optical system 100isinanominal
position or configuration the radiation beam 102 is
aligned to an exit axis 120 of the optical system 100. This
can correct for any alignment and/or pointing errors of a
radiation beam 102 received by the optical system 100.
That is, this can correct for any misalignment between
the radiation beam 102 received by the optical system
110 and an entrance axis 126 of the optical system 100.
[0105] However, with such an arrangement in the ab-
sence of the feedback loop described above using the
position sensor 108 and the adjustable optics, if the op-
tical system 100 itself moves, then the radiation beam
102 will also move and therefore the radiation beam 102
will not be accurately aligned with the illumination region
106 (as shown in Figure 4A and described above). How-
ever, since the adjustable optics 110 are configured to
control the optical path of the received radiation beam
102 in dependence on a determined position and/or ori-
entation of the part of the optical system 100, any such
misalignment between the radiation beam 102 and the
illumination region 106 can be corrected for.

[0106] In this embodiment, the at least a part of the
optical system 100 relative to which the radiation beam
measurement sensor 124 is operable to determine a po-
sition and/or a direction of the received radiation beam
102 is a different part of the optical system 100 to the
part of the optical system 100 that the position sensor
108 is operable to determine a position and/or orientation
of. For example, in this embodiment, the radiation beam
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measurement sensor 124 is operable to determine a po-
sition and/or a direction of the received radiation beam
102 relative to a part of the optical system 100 proximate
the inlet 104 and the position sensor 108 is operable to
determine a position and/or orientation of a part of the
optical system 100 proximate the illumination region 106.
In other embodiments, the part of the optical system 100
relative to which the radiation beam measurement sensor
124 is operable to determine a position and/or a direction
of the received radiation beam 102 may be the same part
of the optical system 100 that the position sensor 108 is
operable to determine a position and/or orientation of.
[0107] Furthermore, in this embodiment the position
sensor 108 is optically downstream of the adjustable op-
tics 110. Advantageously, this may allow for the position
sensor 108 to be as close as possible to the illumination
region 106. In turn, this may result in more accurate con-
trol of the spatial and angular distributions of the radiation
102 at the illumination region 106.

[0108] Note thatthe same actuatable or adjustable op-
tical elements (for example mirrors 112, 114 of the ad-
justable optics 110) may be used to both: (a) control the
optical path of the received radiation beam 102 in de-
pendence on a determined position and/or orientation of
part of the optical system (as determined by position sen-
sor 108) and; and (b) control the optical path of the re-
ceived radiation beam 102 in dependence on a deter-
mined position and/or adirection of the received radiation
beam 102 (as determined by the radiation beam meas-
urement sensor 124). Alternatively, a first set of optical
elements may be provided to control the optical path of
the received radiation beam 102 in dependence on a
determined position and/or orientation of part of the op-
tical system 100 (as determined by position sensor 108)
and a second set of optical elements may be provided
to control the optical path of the received radiation beam
in dependence on a determined position and/or direction
of the received radiation beam (as determined by the
radiation beam measurement sensor 124). For such em-
bodiments, the adjustable optics 110 may be considered
to comprise both the first set of optical elements and the
second set of optical elements.

[0109] In some alternative embodiments, the optical
system 100 may comprise a plurality of position sensors
108, each operable to determine a position and/or orien-
tation of at least a part of the optical system 100. For
example, each position sensor 108 may be operable to
determine a position and/or orientation of a part of the
optical system 100 to which it is attached. The plurality
of position sensors 108 may be disposed in different parts
of the optical system 100, for example but not limited to,
at the relay lens RL or at the masking device MD. For
such embodiments having a plurality of position sensors
108, the adjustable optics 110 may be operable to control
the optical path of the received radiation beam 102 in
dependence on a position and/or orientation of a part of
the optical system 100 determined by each of the plurality
of position sensors 108.
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[0110] This may allow for more complicated distortions
ofthe optical system 100 to be corrected for. For example
if the optical system 100 does not merely oscillate as a
whole butis subject to vibration or oscillation modes that
correspond to a distortion of the optical system 100 then
a plurality of position sensors may allow for the effect of
such oscillation modes on a spatial and/or angular dis-
tribution of radiation delivered to the illumination region
106 to be at least partially corrected for.

[0111] The atleastone position sensor 108 is operable
to determine a position and/or orientation of at least a
part of the optical system 100. Such a determination may
be a direct measurement of position and/or orientation.
Alternatively, the determination may be indirect. For ex-
ample, the position sensor 108 may measure another
quantity (for example acceleration) from which a position
can be determined. Any suitable type of position sensor
108 may be used. In general, each position sensor de-
termines a position and/or orientation of the part of the
optical system 100 relative to a reference frame. The
reference frame may be any frame in which the illumina-
tion region 106 (also referred to in the art as the illumi-
nation slit or just slit) is stationary.

[0112] In some embodiments, the at least one position
sensor 108 is operable to determine a position and/or
orientation of at least a part of the optical system in all
six degrees of freedom. These degrees of freedom may
be, for example, an x position, a y position, a z position,
an Rx-rotation, an Ry-rotation, and an Rz-rotation.
[0113] In some embodiments the position sensor(s)
108 comprise one or more accelerometers. Such em-
bodiments determine the position and/or orientation of
parts of the optical system 100 relative to an inertial
frame.

[0114] Inone embodiment, the or each position sensor
108 may comprise at least two accelerometers arranged
to determine an acceleration of a part of the optical sys-
tem 100 in at least in two directions that are generally
orthogonal to the optical path of the radiation beam 102.
This allows a position of the part of the optical 100 to be
determined in said two directions that are generally or-
thogonal to the optical path. In one embodiment, the or
each position sensor 108 may comprise at least three
accelerometers arranged to determine an acceleration
of a part of the optical system 100 in three linearly inde-
pendent directions. This allows a position of the part of
the optical 100 to be determined in said three linearly
independent directions.

[0115] In some embodiments the or each accelerom-
eteris operable to determine acceleration and/or position
and has three degrees of freedom. In one embodiment,
the position sensor 108 comprises two or three acceler-
ometers, each arranged to determine three degrees of
freedom. Advantageously, this may allow the position
sensor 108 to determine a position and/or orientation of
at least a part of the optical system in all six degrees of
freedom.

[0116] Alternative position sensors may include inter-
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ferometric sensors. Such interferometric sensors may,
for example, be of the type used to monitor the position
of areticle stage MT or wafer stage WT in a lithographic
apparatus LA.

[0117] In some embodiments, the optical system 100
may comprise beam steering optics (for example of the
type provided by the beam steering unit BSU of Figure
2) that are arranged to direct the radiation 102 along an
adjustable optical path.

[0118] The beam steering optics may receive a radia-
tion beam B (for example from a radiation source SO).
The beam steering optics may, for example, comprise
two rotatable mirrors BS1, BS2. By rotating the mirrors
BS1, BS2 a position and direction of the radiation beam
B downstream of the beam steering optics BSU can be
controlled. For such embodiments, the adjustable optics
110 of the optical system 100 may comprise the beam
steering optics BSU.

[0119] Additionally or alternatively, in some embodi-
ments, the optical system 100 may comprise pupil shap-
ing optics PSO (for example of the type shown in Figure
2 and described above) that are operable to control an
angular distribution of radiation delivered to the illumina-
tion region 106. That is, the illumination region 106 may
be irradiated using different illumination modes or pupils
by selecting one or a plurality of configurations of the
pupil shaping optics. For such embodiments, the adjust-
able optics 110 may comprise the pupil shaping optics
PSO. It will be appreciated by those skilled in the art, that
the mirror array arranged in the pupil shaping optics PSO
may be used to control the radiation beam in dependence
of the position and / or direction of the radiation beam as
measured by the sensors 108, 124.

[0120] Some embodiments of the present disclosure
relate to a new lithographic apparatus LA thatis generally
of the type shown in Figures 1 and 2, and as described
above, the lithographic apparatus LA comprising: the op-
tical system 100 of the type shown in Figures 3 to 4B,
and as described above, wherein the support structure
MT (reticle stage) is configured to support a patterning
device MA such that the patterning device MA is posi-
tionable in the illumination region 106. Such a novel lith-
ographic apparatus LA is advantageous, as it allows for
any movement (or variation in position and/or orientation)
of the at least a part of the optical system 100 to be cor-
rected for such that the radiation B is delivered to the
illumination region 106 (where the patterning device MA
is, in use, positioned) more accurately. In turn, as ex-
plained above, any variation in the position and/or angle
of the radiation B delivered to a patterning device MA
may affect the imaging of the patterning device ME onto
the substrate W. In particular, any pointing error of the
radiation B delivered to the illumination region 106 can
result in asymmetric numerical aperture (NA) clipping,
particularly for illumination modes in which the outermost
portions of the entrance pupil are illuminated (forexample
extreme dipoles). In turn, this will adversely affect the
imaging of the patterning device MA, which is undesira-
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ble. The new lithographic apparatus LA allows for a great-
er range of illumination modes to be used without suffer-
ing from such problems (for example asymmetric NA clip-
ping). Additionally or alternatively, the new lithographic
apparatus LA allows for larger movement or vibrations
of parts of the lithographic apparatus LA without suffering
from such problems (for example asymmetric NA clip-
ping). In turn, tolerating larger movement or vibrations
can, advantageously, allow for an increase in throughput
of the lithographic apparatus LA and the associated re-
duction in manufacturing costs per wafer W.

[0121] Some embodiments of the present disclosure
relate to a method 200 of providing radiation 102 to an
illumination region 106 via an optical system 100, as now
discussed with reference to Figures 5 and 6.

[0122] The method 200 comprises a step 202 of de-
termining a position and/or orientation of at least a part
of the optical system 100. The method 200 further com-
prises a step 204 of adjusting at least one optical element
112, 114 in the optical system 100 in dependence on a
determined position and/or orientation of a part of the
optical system 100.

[0123] The method 200 shown in Figure 5 may be car-
ried out using the optical system 100 shown in Figures
3 to 4B. The method 200 shown in Figure 5 is advanta-
geous as it allows for any movement (or variation in po-
sition and/or orientation) of the at least a part of the optical
system 100 to be corrected for such that the radiation
102 is delivered to the illumination region 106 accurately.
[0124] The method 200 shown in Figure 5 is particu-
larly beneficial for use in illuminating a patterning device
MA (also referred to as a reticle or a mask) as part of a
lithographic exposure process. For example, any varia-
tion in the position and/or angle of the radiation delivered
to a patterning device MA may affect the imaging of the
patterning device MA onto the substrate W. In particular,
any pointing error of the radiation delivered to the illumi-
nation region 106 can resultin asymmetric numerical ap-
erture (NA) clipping, particularly for illumination modes
in which the outermost portions of the entrance pupil of
a projection system PS are illuminated (for example ex-
treme dipoles). In turn, this will adversely affect the im-
aging of the patterning device MA, which is undesirable.
[0125] Adjusting at least one optical element 112, 114
in the optical system 100 in dependence on a determined
position and/or orientation of a part of the optical system
100 may comprise at least partially correcting for any
variations in a spatial and/or angular distribution of the
radiation at the illumination region 106 that result from
any deviations in the determined position and/or orien-
tation from a nominal position.

[0126] For example, the optical system 100 may have
a nominal position. When disposed in the nominal posi-
tion, the position and direction of radiation 102 delivered
to the illumination region 106 may be optimum. In use,
the optical system 100 may be subject to vibrations. For
example, for embodiments wherein the optical system
100 comprises, is, or forms part of an illumination system
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IL for a lithographic apparatus LA, movement of other
parts of the lithographic apparatus LA in use may cause
some vibrations of the optical system 100.

[0127] Any deviations in the determined position
and/or orientation of the optical system 100 from a nom-
inal position may result in sub-optimal irradiation of the
illumination region 106 and therefore, for such embodi-
ments, the at least one optical element 112, 114 (which
may be referred to as adjustable optics 110) are used to
at least partially correct for any variations.

[0128] To the extent possible, adjusting the at least
one optical element 112, 114 in the optical system 100
in dependence on a determined position and/or orienta-
tion of a part of the optical system 100 may be performed
such that a spatial and/or angular distribution of the ra-
diation at the illumination region 106 is generally inde-
pendent of the determined position and/or orientation of
the part of the optical system 100.

[0129] Another method 300 of providing radiation 102
to an illumination region 106 via an optical system 100
is shown schematically in Figure 6. The method 300
shown in Figure 6 comprises the steps 202, 204 of the
method 200 shown in Figure 5 and described above.
[0130] The method 300 shown in Figure 6 further com-
prises the step 302 of providing a radiation beam 102.
[0131] The method 300 shown in Figure 6 further com-
prises the step 304 of determining a position and/or a
direction of the provided radiation beam 102 relative to
at least a part of the optical system 100.

[0132] The method 300 shown in Figure 6 further com-
prises the step 306 of adjusting at least one optical ele-
ment 112, 114 in the optical system 100 in dependence
on a determined position and/or direction of the provided
radiation beam 102 relative to said at least a part of the
optical system 100.

[0133] Therefore, in this embodiment, the method 300
may comprise a step 308 of adjusting at least one optical
element 112, 114 in the optical system 100 in depend-
ence on both: (a) a determined position and/or orientation
of part of the optical system 110; and (b) a determined
position and/or a direction of the received radiation beam
102.

[0134] Eitherofthe methods 200, 300 shown in Figures
5 and 6 may comprise determining a position and/or ori-
entation of a plurality of parts of the optical system 100;
and adjusting at least one optical element 112, 114 in
the optical system 100 in dependence on the determined
positions and/or orientations of each of the plurality of
parts of the optical system 100. This may allow for more
complicated distortions of the optical system 100 to be
corrected for. For example, if the optical system 100 does
not merely oscillate as a whole but is subject to vibration
or oscillation modes that correspond to a distortion of the
optical system 100.

[0135] With either of the methods 200, 300 shown in
Figures 5 and 6 at least one part of the optical system
100 the position and/or orientation of which is determined
is optically downstream of the atleast one optical element
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112, 114 adjusted in dependence thereon. Advanta-
geously, this may allow for the at least one part of the
optical system 100 the position and/or orientation of
which is determined to be as close as possible to the
illumination region 106. In turn, this may result in more
accurate control of the spatial and angular distributions
of the radiation 102 at the illumination region 106.
[0136] Eitherofthe methods 200, 300 shownin Figures
5 and 6 may further comprise conditioning the radiation
beam 102 so as to control a spatial and/or an angular
distribution of radiation delivered to the illumination re-
gion 106.

[0137] Some embodiments of the present disclosure
relate to a lithographic exposure method 400, as now
discussed with reference to Figure 7.

[0138] The lithographic exposure method 400 com-
prises a step 402 of providing a patterning device MA in
an illumination region 106.

[0139] The lithographic exposure method 400 further
comprises a step 404 of providing radiation to the illumi-
nation region 106 via an optical system 100 using the
method 200, 300 shown in Figure 5 or Figure 6 so as to
form a patterned radiation beam.

[0140] The lithographic exposure method 400 further
comprises a step 406 of collecting the patterned radiation
beam and using it to form an image of the patterning
device MA on a substrate W.

[0141] The lithographic exposure method shown in
Figure 7 is advantageous, as it allows for any movement
(or variation in position and/or orientation) of the at least
a part of the optical system 100 to be corrected for such
that the radiation 102 is delivered to the illumination re-
gion 106 (where the patterning device MAis, in use, pro-
vided) more accurately. In turn, as explained above, any
variation in the position and/or angle of the radiation 102
delivered to a patterning device MA may affect the im-
aging of the patterning device MA onto the substrate W.
In particular, any pointing error of the radiation delivered
to the illumination region 106 can result in asymmetric
numerical aperture (NA) clipping (at the step 406 of col-
lecting the patterned radiation beam), particularly for il-
lumination modes in which the outermost portions of the
entrance pupil of the projection system PS areilluminated
(for example extreme dipoles). In turn, this will adversely
affect the imaging of the patterning device MA, which is
undesirable. The lithographic exposure method 400
shown in Figure 7 allows for a greater range of illumina-
tion modes to be used without suffering from such prob-
lems (for example asymmetric NA clipping). Additionally
or alternatively, the lithographic exposure method 400
shown in Figure 7 allows for larger movement or vibra-
tions of parts of the lithographic apparatus LA without
suffering from such problems (for example asymmetric
NA clipping). In turn, tolerating larger movement or vi-
brations can, advantageously, allow for an increase in
throughput of the lithographic apparatus LA and the as-
sociated reduction in manufacturing costs per wafer W.
[0142] In some embodiments of the lithographic expo-
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sure method 400 shown in Figure 7, the exposure may
be a scanning exposure such that: (a) the step 402 of
providing the patterning device MA in the illumination re-
gion 106 may comprise moving the patterning device MA
through the illumination region 106; and (b) the step 406
of forming an image of the patterning device MA on the
substrate W may comprise moving the substrate W such
that the image of the patterning device MA is generally
stationary relative to the substrate W.

[0143] Although specific reference may be made in this
text to the use of a lithographic apparatus in the manu-
facture of ICs, it should be understood that the lithograph-
ic apparatus described herein may have other applica-
tions. Possible other applications include the manufac-
ture of integrated optical systems, guidance and detec-
tion patterns for magnetic domain memories, flat-panel
displays, liquid-crystal displays (LCDs), thin-film magnet-
ic heads, etc.

[0144] Although specific reference may be made in this
text to embodiments of the invention in the context of a
lithographic apparatus, embodiments of the invention
may be used in other apparatus. Embodiments of the
invention may form part of a mask inspection apparatus,
a metrology apparatus, or any apparatus that measures
or processes an object such as a wafer (or other sub-
strate) or mask (or other patterning device). These ap-
paratus may be generally referred to as lithographic tools.
Such a lithographic tool may use vacuum conditions or
ambient (non-vacuum) conditions.

[0145] Although specific reference may have been
made above to the use of embodiments of the invention
in the context of optical lithography, it will be appreciated
that the invention, where the context allows, is not limited
to optical lithography and may be used in other applica-
tions, for example imprint lithography.

[0146] Where the context allows, embodiments of the
invention may be implemented in hardware, firmware,
software, or any combination thereof. Embodiments of
the invention may also be implemented as instructions
stored on a machine-readable medium, which may be
read and executed by one or more processors. A ma-
chine-readable medium may include any mechanism for
storing or transmitting information in a form readable by
a machine (e.g., a computing device). For example, a
machine-readable medium may include read only mem-
ory (ROM); random access memory (RAM); magnetic
storage media; optical storage media; flash memory de-
vices; electrical, optical, acoustical or other forms of prop-
agated signals ( e.g.,carrier waves, infrared signals, dig-
ital signals, etc.), and others. Further, firmware, software,
routines, instructions may be described herein as per-
forming certain actions. However, it should be appreci-
ated that such descriptions are merely for convenience
and that such actions in fact result from computing de-
vices, processors, controllers, or other devices executing
the firmware, software, routines, instructions, etc. and in
doing that may cause actuators or other devices to inter-
act with the physical world.
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[0147] Aspectoftheinventionaresetoutintheclauses
below.

of the received radiation beam relative to the optical

1. An optical system for use in an imaging apparatus,

system; and wherein the control signal is dependent
on the first signal(s) and the second signal.
9. The optical system of any preceding clause com-

the optical system arranged to receive a radiation % prising beam steering optics that are arranged to di-
beam (provided by a radiation source) ataninletand rect the radiation along an adjustable optical path.
to direct the radiation beam to an illumination region 10. The optical system of clause 9 wherein the ad-
via an optical path, the optical system comprising: justable optics comprises the beam steering optics.
at least one position sensor operable to determine 11. The optical system of any preceding clause com-
a position and/or orientation of at least a part of the 70 prising pupil shaping optics that are operable to con-
optical system; and adjustable optics configured to trol an angular distribution of radiation delivered to
control the optical path of the received radiation the illumination region.
beam in dependence on a determined position 12. The optical system of clause 11 wherein the pupil
and/or orientation of the part of the optical system. shaping optics comprises a mirror array comprising
2. The optical system of clause 1, wherein the ad- 15 a plurality of independently adjustable mirrors.
justable optics is configured to control the optical 13. The optical system of clause 11 or clause 12
path of the received radiation beam in dependence wherein the adjustable optics comprises the pupil
on a determined position and/or orientation of the shaping optics.
part of the optical system to at least partially correct 14. A lithographic apparatus comprising: the optical
for any variations in a spatial and/or angular distri- 20 system of any preceding clause operable to receive
bution of the radiation at the illumination region that radiation and to direct at least a portion of the re-
result from any deviations in the determined position ceived radiation to the illumination region; a support
and/or orientation from a nominal position. structure configured to support a patterning device
3. The optical system of clause 1 or clause 2 further such that the patterning device is positionable in the
comprising at least one radiation beam measure- 25 illumination region; a substrate table configured to
ment sensor operable to determine a position and/or support a substrate; and a projection system oper-
a direction of the received radiation beam relative to able to form an image of a patterning device sup-
at least a part of the optical system and wherein the ported by the support structure on a substrate sup-
adjustable optics is operable to control the optical ported by the substrate table.
path of the received radiation beam in dependence 30 15. Amethod of providing radiation to an illumination
on the determined position and/or direction of the region via an optical system the method comprising:
received radiation beam relative to said at least a determining a position and/or orientation of at least
part of the optical system. a part of the optical system; and adjusting at least
4. The optical system of any preceding clause com- one optical element in the optical system in depend-
prising a plurality of position sensors and wherein 35 ence on a determined position of a part of the optical
the adjustable opticsis operable to control the optical system.
path of the received radiation beam in dependence 16. The method of clause 15 wherein adjusting at
on a position and/or orientation of a part of the optical least one optical element in the optical system in
system determined by each of the plurality of position dependence on a determined position and/or orien-
sensors. 40 tation of a part of the optical system comprises at
5. The optical system of any preceding clause where- least partially correcting for any variations in a spatial
in the or each position sensor comprises one or more and/or angular distribution of the radiation at the il-
accelerometers. lumination region that result from any deviations in
6. The optical system of any preceding clause where- the determined position and/or orientation from a
in at least one position sensor is optically down- 45 nominal position.
stream of the adjustable optics. 17. The method of clause 15 or clause 16 further
7. The optical system of any preceding clause further comprising: providing a radiation beam; determining
comprising a controller operable to: a position and/or a direction of the provided radiation
receive a first signal from the or each position sensor beam relative to atleast a part of the optical system;
indicative of a position and/or orientation of a part of 50 and adjusting at least one optical element in the op-
the optical system; and generate and send a control tical system in dependence on a determined position
signal to the adjustable optics, the control signal de- and/or direction of the provided radiation beam rel-
pendent on the first signal(s). ative to said at least a part of the optical system.
8. The optical system of clause 7 when dependent 18. The method of any one of clauses 15 to 17 com-
55

either directly or indirectly on clause 3 wherein the
controller is further operable to receive a second sig-
nal from the or each radiation beam measurement
sensor indicative of a position and/or or a direction

15

prising: determining a position and/or orientation of
aplurality of parts of the optical system; and adjusting
at least one optical element in optical system in de-
pendence on the determined positions and/or orien-
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tations of each of the plurality of parts of the optical
system.

19. The method of any one of clauses 15 to 18 where-
in at least one part of the optical system the position
and/or orientation of which is determined is optically
downstream of the at least one optical element ad-
justed in dependence thereon.

20. The method of any one of clauses 15 to 19 further
comprising conditioning the radiation beam so as to
control a spatial and/or an angular distribution of ra-
diation delivered to the illumination region.

21. A lithographic exposure method, the method
comprising: providing a patterning device in an illu-
mination region; providing radiation to the illumina-
tion region via an optical system using the method
of any one of clauses 15 to 20 so as to form a pat-
terned radiation beam; and collecting the patterned
radiation beam and using it to form an image of the
patterning device on a substrate.

22. The lithographic exposure method of clause 21,
wherein the exposure is a scanning exposure such
that providing the patterning device in the illumina-
tion region comprises moving the patterning device
through the illumination region and forming animage
of the patterning device on the substrate comprises
moving the substrate such that the image of the pat-
terning device is generally stationary relative to the
substrate.

23. A lithographic apparatus comprising the optical
system according to any of clauses 1 to 13.

24. The optical system according to any of clauses
1 to 13 and 23, wherein the at least one position
sensor is provided at a relay lens and or at a masking
device of the imaging apparatus.

[0148] While specific embodiments of the invention
have been described above, it will be appreciated that
the invention may be practiced otherwise than as de-
scribed. The descriptions above are intended to be illus-
trative, not limiting. Thus it will be apparent to one skilled
in the art that modifications may be made to the invention
as described without departing from the scope of the
claims set out below.

Claims

1. An optical system for use in an imaging apparatus,
the optical system arranged to receive a radiation
beam at an inlet and to direct the radiation beam to
an illumination region via an optical path, the optical
system comprising:

at least one position sensor operable to deter-
mine a position and/or orientation of at least a
part of the optical system; and

adjustable optics configured to control the opti-
cal path of the received radiation beam in de-

10

15

20

25

30

35

40

45

50

55

16

pendence on a determined position and/or ori-
entation of the part of the optical system.

The optical system of claim 1, wherein the adjustable
optics is configured to control the optical path of the
received radiation beam in dependence on the de-
termined position and/or orientation of the part of the
optical system to at least partially correct for any var-
iations in a spatial and/or angular distribution of the
radiation at the illumination region that result from
any deviations in the determined position and/or ori-
entation from a nominal position.

The optical system of claim 1 or claim 2, further com-
prising at least one radiation beam measurement
sensor operable to determine a position and/or a di-
rection of the received radiation beam relative to at
least a part of the optical system and wherein the
adjustable optics is operable to control the optical
path of the received radiation beam in dependence
on the determined position and/or direction of the
received radiation beam relative to said at least a
part of the optical system.

The optical system of any preceding claim compris-
ing a plurality of position sensors and wherein the
adjustable optics is operable to control the optical
path of the received radiation beam in dependence
on a position and/or orientation of a part of the optical
system determined by each of the plurality of position
SEensors.

The optical system of any preceding claim, wherein
the or each position sensor comprises one or more
accelerometers.

The optical system of any preceding claim, wherein
at least one position sensor is optically downstream
of the adjustable optics.

The optical system of any preceding claim, further
comprising a controller operable to:

receive a first signal from the or each position
sensor indicative of a position and/or orientation
of a part of the optical system; and

generate and send a control signal to the adjust-
able optics, the control signal dependent on the
first signal(s).

The optical system of claim 7 when dependent either
directly orindirectly on claim 3, wherein the controller
is further operable to receive a second signal from
the or each radiation beam measurement sensor in-
dicative of a position and/or or a direction of the re-
ceived radiation beam relative to the optical system;
and wherein the control signal is dependent on the
first signal(s) and the second signal(s).
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The optical system of any preceding claim compris-
ing pupil shaping optics that are operable to control
an angular distribution of radiation delivered to the
illumination region.

The optical system of claim 9 wherein the pupil shap-
ing optics comprises a mirror array comprising a plu-
rality of independently adjustable mirrors.

A method of providing radiation to an illumination
region via an optical system the method comprising:

determining a position and/or orientation of at
least a part of the optical system; and
adjusting at least one optical element in the op-
tical system in dependence on a determined po-
sition of a part of the optical system.

The method of claim 11 wherein adjusting at least
one optical element in the optical system in depend-
ence on a determined position and/or orientation of
a part of the optical system comprises at least par-
tially correcting for any variations in a spatial and/or
angular distribution of the radiation at the illumination
region that result from any deviations in the deter-
mined position and/or orientation from a nominal po-
sition.

The method of claim 11 or claim 12 further compris-
ing:

providing a radiation beam;

determining a position and/or a direction of the
providedradiation beam relative to atleasta part
of the optical system; and

adjusting at least one optical element in the op-
tical system in dependence on a determined po-
sition and/or direction of the provided radiation
beam relative to said at least a part of the optical
system.

The method of any one of claims 11 to 13 comprising:

determining a position and/or orientation of a
plurality of parts of the optical system; and
adjusting at least one optical element in optical
system in dependence on the determined posi-
tions and/or orientations of each of the plurality
of parts of the optical system.

The method of any one of claims 11 to 14 wherein
at least one part of the optical system the position
and/or orientation of which is determined is optically
downstream of the at least one optical element ad-
justed in dependence thereon.
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